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Abstract: In this study, we present an optical coherence tomographic angiography (OCTA)
prototype using a 500 kHz high-speed swept-source laser. This system can generate a 75-degree
field of view with a 10.4 µm lateral resolution with a single acquisition. With this prototype we
acquired detailed, wide-field, and plexus-specific images throughout the retina and choroid in
eyes with diabetic retinopathy, detecting early retinal neovascularization and locating pathology
within specific retinal slabs. Our device could also visualize choroidal flow and identify signs of
key biomarkers in diabetic retinopathy.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Diabetic retinopathy (DR) is a common microvascular complication of diabetes mellitus and a
leading cause of preventable blindness [1–6]. Early detection and timely treatment of DR have
been estimated to prevent 98% of the vision loss associated with the disease [7,8]. The main
causes of vision loss in DR are proliferative DR (PDR), indicated by retinal neovascularization,
and diabetic macular edema (DME) [8]. Originally designed for structural imaging, optical
coherence tomography (OCT) is essential for diagnosing DME by providing retinal thickness
measurements and detecting retinal fluid [9,10]. Its extension OCT angiography (OCTA), which
became feasible due to advancements in high imaging speeds, complements OCT imaging by
generating high-contrast, high-resolution angiograms, which are useful for detecting retinal
neovascularization and vasculopathies [10–12].

Commercial instruments and many research OCT and OCTA devices only achieve a limited
field of view (FOV). However, increasing number of reports suggests that pathological alterations
in the peripheral retina shows the earliest indication of DR-related pathology [13–16]. The
major challenge preventing an expanded FOV is A-scan acquisition rate. For a given A-scan
rate, there is an unavoidable tradeoff between image resolution and achievable FOV [17]. This
issue is exacerbated in OCTA, where two or more repeated B-scans are needed to extract the
flow signal [18]. One approach is to montage several scans into an image encompassing a
larger FOV [19–21]. However, montaging increases the complexity and duration of a procedure.
Post-processing also becomes more difficult as individual scans need to be registered, which can
introduce discontinuities.

Single-shot wide-field OCTA would overcome these limitations, but a system with such
functionality would require a number of technical advances. First, image processing has several
technical challenges not encountered in smaller FOV OCTA. A 2-5 ms interval between each
repeated B-scan is needed to detect flow signals in the capillaries [22,23]. For large FOVs, this
time interval constraint results in inevitably long acquisition times, which necessitates a motion
correction technique, since blinks and passive eye movement will typically occur during imaging
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[17]. Second, large FOVs introduces the challenge of iris vignetting, which usually originates
from the wandering of the scanning pivot at the pupil due to the distance between the two galvo
mirror scanners [24]. Third, the curvature of the retina becomes prominent in wide-field imaging,
requiring a deeper imaging range.

We specifically addressed these challenges in developing a novel swept-source OCTA (SS-
OCTA) prototype system that can achieve a 75-degree (12 mm× 23-mm) FOV, 4 mm imaging
depth, and high-resolution non-mydriatic single-shot imaging. Crucially, our wide-field 500-kHz
prototype is capable of preserving capillary scale detail and is sensitive to vascular abnormalities.
This is achieved through three B-scan repetitions and sensitive flow detection [25,26], motion
artifact correction [27], and retinal layer segmentation [28,29]. We used this prototype SS-OCTA
system to image DR patients, demonstrating its ability to detect vascular abnormalities and
structural pathologies and visualize choroidal structures in the macular and peripheral regions
with a single scan.

2. Methods

2.1. System overview

Our SS-OCTA system (Fig. 1) underwent a considerable design improvement from the previously
reported implementation [24]. An optical relay system was employed to safely direct the laser
beam through the non-dilated pupil between two galvo-mirrors in order to effectively eliminate
vignetting artifacts caused by the iris. The 4f-system in our scan lens design contained two
sets of achromatic lenses with effective focal lengths of 40 mm and 100 mm, respectively. The
theoretical axial resolution was 5 µm in air, and the lateral resolution was 10.4 µm, sufficient to
achieve capillary scale resolution and isolate individual vascular plexuses throughout the image.
The scan pattern used in this study was a raster scan with three repeat scans for generating OCTA
images. Our definition of FOV was represented by the scan angle at the pivot in the pupil, as
opposed to the alternative definition measured with respect to the eyeball center, often used in
fluorescence angiography (FA) [30]. The system was compactly organized in a 3-D printed cover,
and the patient interface unit was similar to a commercial OCT device (Fig. 1(C)).

2.2. 500-kHz swept-source laser

Our system uses a swept-source 500-kHz microelectromechanical systems (MEMS) vertical-
cavity surface-emitting laser (VCSEL) (Thorlabs, USA). It outputs at a center wavelength of
1064 nm with a 103 nm usable optical bandwidth. Notably, the VCSEL exhibits exceptional phase
stability. The standard deviation of the sweep phase velocity, calculated over 1000 A-lines, is four
orders of magnitude smaller than the total phase change observed over a single sweep (Fig. 2(A)).
This stability is complemented by a consistent power level characterized by an orthogonal relative
intensity noise of 1.24% and an average amplified spontaneous emission contrast of 13.14%.
The output power from the object lens is 2.68 mW, below the ANSI Z136.1-2013 standards for a
1064-nm constant wave laser [31]. We enabled the dual edge sampling mode of the ATS-9373
digitizer (Alazar Technologies Inc., Canada) to acquire samples at both the rising and falling
edges of the frequency-varying built-in clock signal of the laser. This approach facilitated
linear-in-wavenumber sampling, making the real-time OCT/OCTA display possible (see below).
Because of the VCSEL’s robust stability features, our system can achieve a maximum reflectance
sensitivity of 107.6 dB. Signal roll-off was measured to be 3.9 dB across the entire 4 mm imaging
depth (Fig. 2(B)).

2.3. GPU-based real-time display and motion-tracking software

The prototype system operates on our previously developed GPU-based data acquisition software
[32]. The linear-in-wavenumber fringe acquired by the digitizer is imported from the CPU buffer
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Fig. 1. System design. (A) Diagram of the wide-field OCT system; Output of the 500-kHz
swept-source laser is split by a 70/30 fiber coupler, with 30% Traveling to the sample arm
(dashed box). Lens groups L1 and L2 with effective focal lengths of 100 mm and 40 mm
create a 4-f system that can generate a 75-degree FOV in the posterior segment. An optical
relay composed of two groups of lenses (L3 and L4) is placed between the two galvo-mirrors,
preventing vignetting artifacts.). The sample arm optical path also incorporates a fixation
target and camera. A delay line controls the transmissive type reference arm length. The
interference signal is generated and passed into a computer using a high-speed balanced
photodetector and digitizer. L1: 40 mm effective focal length lens, L2: 100 mm effective
focal length lens, L3 and L4: 33 mm effective focal length lenses, Gx: galvo-mirror for
positioning along the x direction, Gy: galvo-mirror for positioning along the y direction,
BS: beam splitter, R: silver mirror, DM: dichroic mirror, EL: electric lens, DL: delay line,
BD: balanced detector, CLK: built-in sampling clock, PC: personal computer. (B) CAD
rendered model (Solidworks, Dassault Systèmes). (C) Photo of the system showing its
patient interface. (D) Illustration showing wide-field OCTA on a proliferative diabetic
retinopathy patient being reviewed on the system’s monitor. The optical design of our system
enables not only the large FOV but also the single-capillary level resolution.

into the GPU cores (GeForce RTX 2080 Ti, Nvidia, USA), where digital dispersion compensation
is performed before generating the structural OCT and OCTA by applying the split-spectrum
amplitude-decorrelation angiography algorithm [25]. Then the reconstructed images were
transferred back to the CPU buffer and displayed in the software interface (Fig. 3(A)). The
real-time display can provide image quality feedback to the operator for adjusting the alignment
and focus accordingly. Additionally, an efficient self-navigated motion correction method [27]
can detect motion artifacts caused by blinks and microsaccades during the procedure so that the
affected areas can be re-scanned (Fig. 3(B)).
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Fig. 2. Characterization of Swept-Source Laser Phase Stability and Imaging Depth
Sensitivity. (A) Unwrapped sweep phase and the standard deviation of phase velocity over a
single sweep of the swept-source laser. Both curves are plotted in radians on the Y-axis,
while the X-axis uses the same arbitrary unit (a.u.). The standard deviation of the phase
velocity, calculated over 1000 A-lines, is four orders of magnitude smaller than the total
phase change observed over a whole sweep, emphasizing the high stability of the laser
sweep phase. (B) Reflectance sensitivity roll-off across imaging depth. The Different colors
represent different depths. The beige-shaded rectangle represents the signal roll-off from
the shallowest to the deepest location. The high overall reflectance sensitivity and extended
imaging depth enable high quality images of the retina and choroidal in wide-field imaging.

2.4. System performance and technical specifications

Our system achieves a maximum scanning FOV of 38 degrees (fast axis)× 75 degrees (slow
axis), equivalent to a 12× 23-mm area in the human eye with a standard 23 mm axial length.
The generated volumetric data encompasses 1536 pixels per A-line, 1208 A-lines per B-scan,
and a total of 2304 B-scans. This corresponds to a sampling density of 10 µm/pixel, providing a
high-resolution depiction of retinal features. A complete wide-field scan takes approximately
16.6 seconds if no rescan is triggered by eye motion. Based on the experience of our operator, the
average scan time is around 21 seconds with rescans, but this obviously varies depending on the
number of rescans required. The additional time accommodates microsaccades and the patient’s
freedom to blink naturally during the scanning process, serving to relieve eye fatigue while still
preserving image quality through triggered rescans. If procedure times become prohibitive, we
can turn off our motion correction system and remove many artifacts, though not all, with image
processing.

2.5. Recruitment and imaging procedures

93 DR patients were recruited from the retina clinic of the Casey Eye Institute. Volunteers
underwent a thorough medical history inquiry, comprehensive clinical examinations, and ocular
imaging, which included fundus photography and 6× 6-mm OCTA volumetric scans. Retina
specialists diagnosed the various stages of DR. Before enrollment, participants provided written
informed consent. The study received approval from the Institutional Review Board of Oregon
Health & Science University, ensuring adherence to all tenets of the Declaration of Helsinki.
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Fig. 3. (A) The system user interface guided by real-time cross-sectional and en face
OCT/OCTA. (B) Demonstration of motion correction using the self-tracking algorithm: the
motion-tracking is off during the acquisition of the top image and is on when acquiring the
bottom image; Blue arrows on the top indicate the presence of motion artifacts, significantly
reduced on the bottom image.



Research Article Vol. 14, No. 11 / 1 Nov 2023 / Biomedical Optics Express 5687

3. Results

3.1. Imaging of plexus-specific vascular pathologies

Using the high-resolution and large-FOV capabilities of our system, we were able to identify both
central and peripheral pathologies in representative wide-field OCTA images from a PDR patient
(Fig. 4). These include retinal neovascularization (RNV), microaneurysms, and intraretinal
microvascular abnormalities (IRMA) in the superficial vascular complex (SVC) (Fig. 4(A)).

Fig. 4. 75-degree wide-field OCTA images of an eye with proliferative diabetic retinopathy.
(A) SVC en face projection exhibiting retinal neovascularization (highlighted in cyan),
intraretinal microvascular abnormalities (purple circles), and a microaneurysm (red). (B) En
face projection of the DVC, showing numerous microaneurysms (red) and dilated vessels
(yellow). These pathologies can be observed in a panoramic FOV captured with our
single-shot system.
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Fig. 5. Subclinical feature detection. (A) Fundus photo of the macula. (B) Fundus photo of
the disc. (C) Wide-field en face OCTA of the superficial vascular complex, covering the
same area as A (red circle) and B (green circle). A proliferative vessel (cyan circle) and two
IRMAs (white circles) were captured by the prototype, but they are either outside of the FOV
or not obvious in fundus photos. (D) Cross-sectional OCTA overlaid on structural OCT at
the position of the blue dashed line in (C), showing RNV (cyan circle). (E) Cross-sectional
OCTA overlaid on structural OCT at the position of the yellow dashed line in (C), showing
IRMA (white dashed circle).

Moreover, numerous microaneurysms and dilated vessels in the deep vascular complex (DVC)
are perceptible from the same patient (Fig. 4(B)).

3.2. Retinal neovascularization (RNV) and precursors

In an eye diagnosed with moderate nonproliferative DR, no RNV was detected with fundus
photography (Fig. 5 (A, B)) (FF450, Carl Zeiss Meditec AG, Jena, Germany). However, our
prototype visualized signs of the earliest form of RNV in the periphery of the SVC (Fig. 5 (C,
D)), which is also known as the RNV sprout [33]. Therefore, the eye was likely progressing
into proliferative DR. The vascular details, including IRMAs, appear with greater clarity in the
prototype OCTA image (Fig. 5(C)), compared to those in fundus photos (Fig. 5(A, B)), which
failed to detect IRMAs in the same spot as shown in the OCTA image.

3.3. High-resolution structural OCT of slab-specific pathologies

High lateral and axial resolutions also allow this prototype to detect structural pathologies
in different retinal anatomical layers, such as epiretinal membranes (ERM), photoreceptor
disruption, and macular edema (Fig. 6), all of which can contribute to poor visual outcomes
[34–39]. The OCT structural images reveal individual nerve fibers and their distribution, including
the characteristic Raphe in the nerve fiber layer (Fig. 6(A)). Additionally, signs of ERM are also
observable (Fig. 6(B)). In the images from a second patient, the inner and outer segments of
the photoreceptor display areas of photoreceptor disruption, while the cross-sectional image
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Fig. 6. High-resolution wide-field OCT structural images from DR patients. (A) En face
projection of the nerve fiber layer showing individual nerve fibers. (B) Inner limiting
membrane showing signs of epiretinal membrane (ERM) (green dashed circle). (C) OCT
cross-section at the plane marked by blue arrows in (B), also showing features of ERM
(green dashed circle). (D) The inner and outer segments exhibit photoreceptor disruption
(red dashed circle). (E) OCT cross-section at the plane marked by yellow arrows in (D),
showing intra-retinal fluid (orange circle) and photoreceptor disruption (red dashed circle).
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Fig. 7. Choroidal en face projections from a proliferative diabetic retinopathy patient. (A)
Choriocapillaris. (B) Enlarged areas marked in (A), showing detailed choriocapillaris with
fenestrated nature. (C) Inverse OCT projection of Sattler’s layer. (D) Inverse OCT projection
of Haller’s layer, with a tortuous vessel captured in the temporal region indicated by the blue
arrow. The system demonstrates the capability to image choroidal vascular structures.
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indicates the location of intra-retinal fluid (Fig. 6(C)). The high-SNR images also allow for the
visualization of the posterior boundary of the choroid in the cross-sectional B-scan images.

3.4. Deep tissue penetration for visualizing choroidal vessels

Choroidal vascular changes are predictors of DR progression [40–42]. However, imaging the
choroid with a conventional OCT instrument can be difficult even for an experienced operator
due to limited tissue penetration and resolution. In this representative case with PDR, our
system successfully obtained detailed en face projections of the choriocapillaris, Sattler’s layer,
and Haller’s layer (Fig. 7) facilitated by the high resolution, penetration depth, and reflectance
sensitivity of the system. The choriocapillaris exhibited clear fenestrations (Fig. 7(A), (B)),
consistent with its histological appearance as a network of fine capillaries [41]. Imaging of
Sattler’s layer (Fig. 7(C)) and Haller’s layers (Fig. 7(D)) reveals the architecture of the medium
to large-size blood vessels which play critical roles in the choroid’s blood supply, including
a particularly notable tortuous vessel in the temporal region in the Haller’s layers. These
detailed observations of the choroidal vasculature, encompassing all three layers and specific
morphological features, have never before been demonstrated within a single-acquisition.

4. Discussion

While OCT and OCTA combined have many advantages over the traditional retinal imaging
modalities, a key disadvantage in contemporary commercial instruments and many research
devices is a small FOV. Since the earliest signs of DR development tend to appear in the peripheral
region of the retina [13–15], small fields of view can be considered a primary weakness of
OCT/OCTA, if not its most important. In addition, new studies also suggest that choroidal
circulation alteration, such as choriocapillaris loss [41], loss of large blood vessels in the Sattler’s
layer and Haller’s layers [40], decrease in choroidal flow [43], or reduced choroidal thickness
[42] are implicated in DR. However, like peripheral pathology, conventional OCT devices cannot
adequately evaluate choroidal features due to the limited lateral resolution for choriocapillaris
and the lack of deeper tissue penetration [40].

We addressed these concerns by achieving a single-shot wide-field OCTA system with a
75-degree FOV and 10.4 µm lateral resolution. To the best of our knowledge, high-resolution
OCTA prototypes with FOV larger than 60 degrees have only previously been achieved through
montage [19–21]. In our system, we instead took advantage of a high-speed swept-source
laser to increase the total number of A-lines sampled, thereby increasing the FOV without
losing resolution or imposing excessive procedure times. We also incorporated other techniques,
including motion correction with a self-navigated algorithm [27], an optical relay between the
two galvo-mirrors to route the laser beam safely through the non-dilated pupil to avoid vignetting
artifacts [24], and a swept laser and digitizer setup capable of achieving a total imaging depth of
4 mm and a sensitivity of >100 dB at the deepest points in the imaging range.

All of these capabilities could help improve clinical outcomes for DR and be used to explore
DR pathophysiology. First, by enabling the simultaneous detection of macular, peripapillary,
and peripheral pathology, our device can deliver a more comprehensive assessment of DR
pathogenesis. This includes early indicators of developing RNV, such as retinal neovascular
sprouts [34,44], along with the ability to detect and monitor IRMAs and microaneurysms,
two of the key biomarkers in the progression of DR. The pathology detection capabilities of
our device stand in contrast to contemporary commercial devices, which struggle to correlate
peripheral and centrally located pathologic features (as in the case of OCT and OCTA), associate
pathologic features between different retinal depths (as with fundus photography or dye-based
angiography), or reveal capillary-scale vascular disruptions throughout the retina and choroid.
But correlations between pathologic features and the extent to which they can predict future
pathologic development are essential information in therapeutic research because they can inform
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clinical trial endpoints and indicate treatment efficacy [45]. Devices following our method could
therefore generate insights for therapy development.

Second, single-shot imaging provides a foundation from which disease characteristics can be
explored with enough data to make statistically meaningful insights. While montaging several
OCT/OCTA volumes to produce wide-field imaging can reveal similar pathologic features to
those examined in this work, the approach may not be clinically practical. Capturing multiple
volumes extends procedure time and complexity. In turn, exorbitant procedure requirements can
ultimately reduce the quantity of data available for analysis due to patient fatigue and the need to
train technicians to perform complex tasks. Together these shortcomings can prevent efficient
development and testing of image processing algorithms (particularly those that rely on machine
learning approaches [46], which require large datasets for training).

Finally, wide-field single-shot OCT/OCTA imaging has far-reaching potential as a screening
technology. The non-invasive, simple, and cost-effective procedures provide a comprehensive
analysis of DR-related pathology, thus improving patient stratification. The combination of high
resolution and large FOV of this technology is essential in detecting early signs of DR, such
as microaneurysms, IRMA, and RNV. Furthermore, without compromising sensitivity, OCTA
is faster, safer, and less expensive than FA, thereby positioning it as a more suitable choice for
routine DR screening.

Although our prototype has shown its reliability for imaging DR pathology, further improve-
ments can be considered. Firstly, we enabled the dual edge sampling mode of our digitizer to
double the k-clock sampling points; however, the k-clock is at a very high frequency (close to
1 GHz), and the timing jitter (small variations in the expected timing of the clock signal) become
a significant issue, leading to reduced SNR and spectral leakage. An alternative internal clock
mode [47,48] could achieve high stability by computing the instantaneous phase of the laser
sweep from the interference fringe of a calibrated Mach–Zehnder interferometer (MZI). This
could further improve the SNR and imaging depth in our system. Secondly, the MEMS-VCSEL
laser we used can enable a bi-directional sweep which could achieve a 1-MHz sweep rate with
a 100% duty cycle. However, the up and down sweeps will have different sweep phase versus
time behavior, which will cause asymmetries between adjacent A-lines without proper phase
calibration [47]. The calibration of these sweep phase asymmetries can be explored in the future.
In the context of laser costs, it’s relevant to note that while the use of a swept-source laser in our
prototype does present a higher financial barrier due to its market price of approximately $40 k,
this is likely to change. Prices for swept-source lasers are on a downward trend, and emerging
commercial devices have begun to incorporate them, indicating a pathway toward broader, more
cost-effective utilization. Thirdly, the sampling density of our 75-degree scanning is still below
the Nyquist limit. This could be corrected with a faster A-scan rate (by enabling the 1-MHz mode)
and a refined motion correction algorithm. Additionally, it’s worth noting that the actual lateral
resolution of our system is subject to waveform aberrations. These aberrations, predominantly
influenced by the optical properties of the patient’s eye, are particularly pronounced in peripheral
regions and lead to inconsistent lateral resolution across the FOV. Future works focusing on
refined optics design could serve to minimize such effects. Lastly, retinal layer segmentation
algorithms are not optimized for wide-field OCT/OCTA images [28,29]. Future work on such
optimization should be attempted to make our approach more practical, considering that layer
segmentation is among the most time-consuming tasks in OCTA image processing.

5. Conclusion

We demonstrated a prototype that can achieve high-resolution single-volume 75-degree FOV
OCTA retinal and choroidal imaging that has been optimized for slab-specific DR analysis. The
system utilizes a high SNR 500-kHz MEMS-VCSEL laser and integrates an efficient motion
correction algorithm in a GPU-based real-time acquisition software. We can capture wide-field
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images with both vascular and structural pathologies in different DR severities, and clear retinal
and choroidal details can be observed. This study presents a powerful tool for DR diagnostics
and research.
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